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Related Application 

This application claims pP riority is claim e d from U.S. Provisional Application 
Serial N o. 60/394,854^ entitled "Narrow-Band NRRO Reduction Using a Non-linear 
Filter'^ filed on July 10, 2002 ? which is incorporated herein by reference. 



Field of the Invention 

The present invention relates to reducing positioning errors due to random 
disturbances in servo svstem m e chanism s and, in particular, to reducing non r e p e atabl e 
20 run out (NRRO) du e to narrow band disturbance signals in disk drive servo systems. 

Background of the Invention 



l 



Docket 3123-505 

Background for th e pr e s e nt invention is provid e d h e r e in in connection with a disk 
driv e s e rvo system. It should be not e d, howev e r, that th e pr e sent inv e ntion is not 
intend e d to be limit e d to such syst e ms. 

5 A disk drive is a data storage device that stores servo and user data in 

substantially concentric tracks on a data storage disk. During disk drive operation, the 
data storag e disk is rotated about an axis while a transducer is us e d to reads data from 
and/or writes data to a target track of the disk. A servo control loop is us e d to p ositions 
the transducer above the target track while the data transfer occurs is talcing place . The 

10 servo control loop uses servo data read from a surfac e of t he data storage disk as position 
feedback to maintain the transducer in a substantially centered position above the target 
trac k that is dictat e d by the mechanical prop e rti e s of th e disk driv e. 

T hey pically, servo data includes magnetic flux transitions? such that when the 
transducer passes over the flux transitions? the transducer generates a read-baek signal. 

15 The read back signal can be demodulated and decoded to provide a position error signal 
(PES) that indicates the p osition of the transducer relative to a track. The position 
errorPES signal is used b v sutiliz e d to gen e rat e an input signal for the h e ad positioning 
servo_-loop to correct the position of the transducer relative to the trac k, as n e c e ssary . 

D How e v e r, certain typ e of d isturbances in the disk drive can increase positioning 

20 errors by -introducing disturbance signals into the position error signal. - Such 

disturbances can have a variable amplitude at a very narrow frequency band. For A n 
example* random disturbanc e can b e n on-repeatable run out (NRRO) is a random 
disturbance due to ajfck-rocking mode? which is excited by imperfections of balls in the 
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disk drive spindle motor bearing. The range of tho disturbance amplitude varies from 
disk drive to disk drive and from time to time. 

AThorofore, a ttempts have been made to reduce the position error in attonuato a 
portion of the position errorP ES signals that isa*e-due to disturbances such as NRRO. -In 
5 one conventional approach, a notch filter is adopt e d to attenuates narrow-band 
disturbance signals in the position error signalP ES. In order to provide adequate 
attenuation, the notch filter has a sharp and deep decrease in gain around the frequency of 
the disturbance. The amount of notch is determined empirically. However, this approach 
has a number of drawbacks. First, there is always a fixed level of attenuation regardless 

10 of the disturbance level, which can vary significantly. Further, the disturbance may not 
occur in all disk drives, and not all the time. For example, there may be more disturbance 
due to temperature rise^ or due-te-other excitation effect/force. A conventional linear 
disturbance signal_-attenuator ? which uses a notch filter^ to attenuates the disturbance 
signal even if there is no, or minimal, disturbance. This increases position error and 

1 5 lowers performance. 

Further, using a notch filter affects the error transfer function overa the entire 
frequency range. _(The error transfer function is the frequency response that determines 
the position error.) Because the resulting error transfer function is distorted by the notch 
filter from its highly optimized original shape, the performance is worse if the targeted 

20 disturbance is not present in the position error signalP BS. Additionally, the fixed (linear) 
notch filter causes -ringing- probl e ms in the steady-state response due to the exaggerated 
frequency response at the notch frequency. 
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As a compromise, in-some conventional servo controllers use? a notch filter with 
very weak attenuation_( r around 3dB ), is utiliz e d , .However, weak attenuation is iipet 
sufficient when the disturbance is large. AUsing a notch filter for attenuating 
disturbances is further complicated because the notch frequency can fall on a phase cross- 

5 over frequency, where robustness constraints severely limit notch design. 

Another conventional approach involv e s u ses ef-a state estimator with t hat utiliz e s 
an internal model principle to estimate the disturbanc e in a torque disturbance form. The 
estimator is based on Kalman filter theory, requiring that statistical characteristics be 
known a priori to design the filter. However, A s-this is also a linear syste m thatr 4t 

10 suffers from similar problems as mention e d in r e lation to t he notch filter. Such a linear 
system deteriorates the performance of the servo controller^ if the target disturbance is 
very small or not present. 

Accordingly, there is a need for a m e thod and apparatus to reducinge the 
positioning error in a position error signal t h e PES due to fee-narrow-band disturbances 

15 that introduces a disturbance signal in the position error signalP BSk while maintaining fee 
performanc e of th e servo controller in t e rms of positioning p e rformanc e and s e ttling after 
seekp er f ormanc e . 



Brief-Summary of the Invention 

20 The present invention addresses the above needs. 

T In on e e mbodim e nt, th e present invention provides a m e thod for operating a 
servo system that includes a first member and a second member that is positionable 
relative to the first membe r in response to position signals . A position error signal is 
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g e n e rat e d to causes the second member to be positioned atte a desired location relative to 
the first member. Disturbances in the servo.-system introduce disturbance signals into 
the position error signal and p . According to an e mbodiment of th e pres e nt inv e ntion, 
positioning errors due to thesaeh disturbance signal s are reduced by non-linear 
5 attenuation. 

An embodiment In on e e xampl e , this includes the st e ps of selectively varying a 
disturbance signal in the position error signal as a function of the amplitude m agnitud e of 
the disturbance signal. As such, the lev e l of th e disturbanc e signal vari e s as a non lin e ar 
function of th e magnitude of the disturbanc e signal 

10 Another embodiment of th e abov e m e thod includes th e st e ps of: filtering the 

position error signal to selectively pass the disturbance signal^ generating a correction 
signal having an amplitude magnitud e that varies as a non-linear function of the 
amplitude magnitud e of the disturbance signal^ and combining the correction signal with 
the position error signal to generate a corrected position error signal for a servo p osition 

15 controller, thereby enabling the servo p osition controller to selectively react to the 
disturbance with varying amplitude. 

F Th e st e p of f iltering the position error signal may includ e furthor compris e th e 
st e ps of: determining the frequency band of the disturbance signal and filtering the 
position error signal using a peak filter to selectively pass the disturbance signal. In 

20 another case, th e step of filtering the position error signal includes th e st e ps of 

determining the frequency band and amplitude magnitud e range of the disturbance signal, 
and filtering the position error signal using a peak filter based on the frequency band and 
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amplitude m agnitud e range of the disturbance signal to selectively pass the disturbance 
signal. 

Another embodiment In an e xampl e implem e ntation of the abov e method, the 
pr e s e nt invention p rovides a servo system having a servoeen&el loop that includesmgr a 
5 servo controller that generates a position error signal coupled to said s e cond m e mb e r 
causing thesakt second member to be positioned atte a desired location relative to thesaid 
first members and an attenuator that selectively reduces positioning errors due to 
disturbances by non-linear attenuation. 

As noted, disturbances in th e servo system introduc e disturbanc e signals into th e 
10 position signal. The attenuator includes a gain controller that selectively varies (erg^ 
amplifi e s or attenuat e s) a disturbance signal in the position error signal? as a non-linear 
function of the amplmagnitude of the disturbance signal. 

-In one version e xampl e, the gain controller selectively amplifies or 
attenuates p rovid e s varying amplification/att e nuation of the disturbance signal such that 
15 reduction of positioning errors increases as a non- linear function of the amplm a^itude of 
the disturbance signal. 

In another version, the attenuator includes? a peak filter that filters the position 
error signal to selectively pass the disturbance signals a gain controller that generates a 
correction signal having an amplm afflitude that varies as a non-linear function of the 
20 amplm affiitude of the disturbance signals and a combiner that combines the correction 
signal with the position error signal to generate a corrected position error signal for thea 
servo p osition controller, thereby enabling the servo p osition controller to selectively react 
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to disturbances having varying amplitudes.-_The filt e r compris e s a peak filter ig _s e l e ct e d 
based on the frequency band of the disturbance signal 

In yet another version of the servo system, the position error signal includes 
multiple peaks at different frequencies, and the attenuator includes^ a first filter that filters 
5 the position error signal to selectively pass a first disturbance signal at a first peak 
frequency^ a first gain controller that generates a first correction signal having an 
amplffl agmtude that varies as a non-linear function of the amplm agutude of thesakt first 
disturbance signal at th e first p e ak fr e qu e ncy^ a second filter that filters the position error 
signal to selectively pass a second disturbance signal at a second peak frequency^ a 

10 second gain controller that generates a second correction signal having an amplm a^itude 
that varies as a non-linear function of the amplm ajgutude of thesaid second disturbance 
signal at th e s e cond p e ak fr e qu e ncy^ and a combiner that combines the first and/or the 
second correction signals with the position error signal to generate a corrected position 
error signal with selectively varied disturbance signals in a non-linear manner. 

15 Each attenuator can includ e furth e r compris e : a saturation controller that controls 

the output signal of th e filter to preserve servo_-loop stability ifas the gain controller 
output increases above a threshold, and a deadzone controller that controls the output 
signal of the filter to maintain improv e d p e rformanc e of th e servo p osition controller 
performance if the amplitude of the disturbance signal decreasei s below a threshold. 

20 Other objects, embodiments, features and advantages of the invention will be 

apparent from the following descrip sp e oifica tion taken in conjunction with the following 
drawings. 
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Brief Description of the Drawings 
Figure 1 shows an e xampl e block diagram of c e rtain functional components of on 
embodim e nt of a disk drive that implement ing asp e ct s ef-the present invention; 

Figure 2 shows an exampl e functional arrangem e nt of an attenuator for non- 
5 linear filtering of anarrow-band disturbance signals in athe positioning error signal (PES) 
of the disk driv e of Figure 1, according to an e mbodim e nt of th e pr e sent inv e ntion ; 

Figures 3A-3B show amplm agnitude and phase plots, respectively, of the 
frequency response of a band pass an e xampl e p e ak filter in the attenuato rt h e arrang e m e nt 
of Figure 2 ; 

10 Figure 4 shows a decomposition plot for the position error signalPES where 

including a disturbance signal due to arocking mode of the disk drive is unattenuated ; 
Figure 5 shows a decomposition plot for the position error signal P ES plot of 

Figur e 4 , wherein athe disturbance signal due to arocking mode of the disk drive is h as 

been attenuate d by th e arrang e m e nt in Figur e 2 ; 
15 Figure 6 shows the attenuator with a saturation controller and a deadzone 

controlle r an e xampl e functional arrang e m e nt of non lin e ar filtering for att e nuating 

narrow band disturbanc e signals in th e disk driv e of Figure 1, according to another 

e mbodim e nt of th e pres e nt inv e ntion ; and 

Figure 7 shows the attenuator with multiple an exampl e functional block diagram 
20 of a non lin e ar filtering branches b ank according to vet another e mbodim e nt of th e pr e s e nt 

inv e ntion . 

Detailed Description of the Invention 
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While this invention is susceptible of embodiments in many different forms, the 
preferred embodiments v-are shown in the drawings and will h e r e in b e described in 
detail, preferr e d e mbodim e nts of th e inv e ntion w ith the understanding that the present 
disclosure is to b e consider e d as an exemplification of the principles of the invention and 
5 is not intended to limit the broad aspects of the invention to the embodiments illustrated. 
Furth e r, although example e mbodim e nts of th e pr e sent inv e ntion are describ e d in 
conn e ction with a disk drive s e rvo syst e m, it should b e not e d that the present invention is 
not intend e d to b e limit e d to disk drive syst e ms. 

Figure 1 illustrates a n e xample disk drive syst e m 100 implementing aspects of 

10 the present invention. The disk drive system 1 00 is op e rativ e for performsmg data 

storage and retrieval functions for an external host computer 102. The disk drive syst e m 
100 includesT -a data storage disk 104, a transducer 106, an actuator assembly 108, a 
voice coil motor (VCM) 1 10, a read/write channel 1 12, an encoder/decoder (ENDEC) 
1 14, an error correction coding (ECC) unit 1 16, a data buffer m e mory 1 1 8, an interface 

15 umt-120, a servo controller 122 7 and a disk controlle r/microproc e ssor 124. 

In general, the disk 104 includes one or two disk surfaces (not shown) which are 
coated with a-magnetic material &at4s-capable of changing its magnetic orientation in 
response to an applied magnetic field. Data is stored digitally in th e form of magnetic 
polarity transitions (frequently referred to as pulses in cells) within concentric tracks on 

20 on e or mor e of the disk surface{s). The disk 104 is rotated at a substantially constant spin 
rate by a spindle motor (not shown) that is speed-controlled by a closed-loop feedback 
system. Instead of the single disk 10 4 shown in Figure 1 , the disk drives vstem 100 can 
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include multiple a plurality of disks 104 each a H-mounted on a single spindle and eaefe 
serviced by one or more separate transducers 106 . 

The transducer 106 is a devic e that transfers information to and from/te the disk 
104 during read and write operations. The transducer 106 is positioned over the disk 104^ 
typically, by the a rotary actuator assembly 108 that pivots about an axis under the power 
of the VCM 110. During a write operation, a polarity-switchable write current is 
delivered to the transducer 106 from the r e ad/writ e channel 1 12 to induce magnetic 
polarity transitions onto a desired track of the disk 104. During a read operation, the 
transducer 106 senses magnetic polarity transitions on a desired track of the disk 104 to 
create an analog read signal that is indicative of the data stored thereon. T Commonly, t he 
transducer 106 is commonly a dual element head having a magneto-resistive read element 
and an inductive write element. 

The VCM 1 10 receives movement commands from the servo controller 122 for 
properly positioning the transducer 106 above a desired track of the disk 104 during read 
and write operations. The servo controller 122 is part of a servo f ee dback loop that uses 
servo information from th e surface of the disk 104 to control the movement of the 
transducer 106 and the actuator assembly 108 in response to commands from the disk 
controlle r/microproc e ssor 124. T A function of t he servo controller 122i s-te-minimizes 
tracking errors. 

During a read operation, the channel 112 receives the analog read back signal 
from the transducer 106 and processes the read signal to create a-digital data r e ad signal 
representative of the data stored on the disk 104. The channel 1 12 ff ypicall y includes^ 
detection circuitr y an d is includ e d in th e channel 1 12. The chann e l 1 12 may also includ e 
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a read clock m eans-for deriving timing informatio n, such as a r e ad clock, from the 
read analog signal. 

The disk controlle r/microproc e ssor 124 is a microprocessor that operativ e for 
controlling the operation and timing of the-other components in e l e ments of the disk 
5 drives vsteffl 100. In addition, the disk controlle r/microproc e ssor 124 may perform the 
functions of some of these components ol e m e nts of th e syst e m . For example, the disk 
controlle r/microprocessor 124 may perform seme-computation functions for the servo 
controller 122. 

The transducer 106 generates a read signal in response to s P ositioning s ervo 
1 0 databufsts on the disk 1 04 and the induc e analog r ead signals is converted by an analog- 
to-digital converter in in th e transduc e r 106 that ar e proc e ssed through the channel 1 12t 
Th e chann e l 1 12 includ e s an analog to digital conv e rter (ADC) to conv e rt the analog 
s e rvo burst signals into digital data v atoes-representing the amplitudes of the read analog 
signals. The servo controller 122 and/or the disk controller 124 demodulatesfe ther 
15 process e s the digital data to determine transducer p osition information for the transducer 
106 and provides servo control signals to the VCM 1 10 for positioning the transducer 106 
during seeking and on-track.operations. Thus As such , in a servo-_loop syst e m is formed 
such that the VCM 1 10 moves the transducer 106 and the actuator assembly 108 and 
transduc e r 106 in response to thesakl servo burst oontrol input signal s. 
20 In on e e xampl e , s e rvo burst information is r e ad by the transducer 106 from th e 

disk 10 4 . The servo controller 122 and/or the disk controller 121 provid e demodulation 
for proc e ssing the digital servo data from th e chann e l 112, and g e nerat e transduc e r/h e ad 
position information including a position e rror signal (PES). Th e servo controll e r 122 
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provid e s control signals to th e VCM 1 10 for positioning tho transduc e r 106 ( e .g., s e eking 
to a targ e t track, tracking ov e r a targ e t track, etc.). 



After a seek operation to a target track, the servo loop d ata-is-usesd by-the servo 
5 data -4eep-to generate a position error signal to fe ^-maintaining th e position of the 
transducer 106 over r e lativ e to the target fe a^-trac k during a n on- track operation .-B^e 
PES signal is utiliz e d to g e n e rat e an input signal for th e h e ad positioning s e rvo loop to 
corr e ct th e position of th e transduc e r r e lativ e to th e track as n e c e ssary. 

D As not e d, d isturbances in the servo_-system introduce disturbance signals into 
10 the position error signal. Advantageously, ccording to an e mbodiment of th e present 
invention, the servo controller 122 impl e m e nts a m e thod for attenuatesing positioning 
errors due to narrow-band disturbances in the disk drive p osition error signal ( e .g., PES) . 

-Figure 2 shows an attenuator 200 for non-linear filtering of a narrow-band 
disturbance signal in a position error signal of the disk drive 100. In other words, the 
15 attenuator 200 an e xampl e functional block diagram of an embodim e nt of a non lin e ar 
filt e ring arrangem e nt 200 in the s e rvo controll e r 122, according to the present inv e ntion, 
fef-attenuatesmg positioning errors due to narrow-band disturbances in the position error 
signalP ES. 

The attenuator 200 is located in the servo controller 122 and oxamplo nonlinear 
20 filt e ring arrang e m e nt 200 in Figure 2 includes a band pass filter function 2 02^-and-a 
non - lin e ar gain controller function 204 and a combiner 206 . 

-The band pass filter 202 filters the position error signalP ES and passes the 
disturbance signal in the position error signalP ES? to the gain controller function 204. 
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The gain controller 204 performs for sel e ctiv e non-linear attenuation on the disturbance 
signal variatio n and passes , wh e r e in th e output of th e gain function 20 4 is a correction 
signal to the combiner 206. The combiner 206 combines the position error signal and the 
correction signal to provide that is combin e d with th e original PES signal in a combin e r 
nod e 206 to gen e rat e a corrected position errorP BS signal. 

In this e xample, th e output of th e gain function 20 4 is a non linear value and th e 
combiner nod e 206 is a summing node. Th e variabl e gain of th e non lin e ar function 20 4 
adjusts th e lev e l of position e rror attenuation in accordance with th e str e ngth of th e 
disturbanc e causing th e position e rror. Th e description b e low is provid e d in th e cont e xt 
that th e arrang e m e nt in Figure 2 attenuates non r e p e atabl e run out (NRRO) position 
errors in th e PES. 

The disturbance is NRRO that occurs in a rocking mode of the disk drive 100. 
The NRRO creates the position error in the position error signal as the disturbance signal 
in the position error signal. 

T in this exampl e , t he band pass filter 202 i compris es a peak filter that 

passes only d e sign e d to pass a selected narrow-band frequency range compon e nt of the 
position error signalPES that o nly, wh e r e in th e narrow band frequ e ncy includes the 
disturbance signal to be attenuat e d . 

Th e filt e r 202 compris e s a p e ak filter, and th e fr e qu e ncy r e spons e of th e p e ak filter 202 is 
s e lect e d based on the fr e qu e ncy rang e of th e disturbanc e signal to b e proc e ssed. 
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-The band pass filter 202 narrow-band frequency range is In on e e xample, tho p e ak filt e r 
fr e quency can b e determined by examining the frequency range of the targefr<iisturbance. 
For example, the base frequency of the disturbance is determined by disk geometry, form 
factor, materials, components, etc. The disturbance frequency range is determined by 
5 industry standard measurements such as spectrum analysis software. Then the band pass 
filter 202 is designed using the industry standard measurements. As a result, the 
attenuator 200 is tuned for a particular disk drive product. Furthermore, the attenuator 
200 can be tuned from disk drive to disk drive. 

The gain controller 204 provides a non-linear gain function that adjusts the 
10 attenuation of the disturbance signal in response to the amplitude (magnitude) of the 
disturbance signal. Preferably, t Figurcs 3A - B show magnitud e plot 208 and phas e plot 
210, r e sp e ctiv e ly, of the frequ e ncy r e spons e of an e xampl e p e ak filt e r 202. This e xampl e 
p e ak filt e r 202 is d e signed for NRRO disturbanc e signals with th e p e ak of about 2.5 on 
th e lin e ar scal e , and fr e qu e ncy location/range at about 1.9 KHz. 

R e f e rring back to Figure 2, aft e r th e PES is filt e red by th e peak filt e r 202, th e 
non lin e ar gain function 20 4 p e rforms arithm e tic op e rations on th e filt e red PES to output 
corr e ction valu e s to be combin e d with th e PES. In on e embodim e nt, t he non-linear gain 
function 2Q4-is _compris e s an odd function/^wherein the product of positive and 
negative inputs is negative and output ar e always positiv e. Th e output valu e s of the gain 
function 20 4 ar e add e d to th e original PES signal by th e summing nod e 206 in th e 
arrangem e nt 200 of Figure 2 to att e nuat e th e position e rror du e to said disturbanc e s, in 
tho PES. 
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An example non-linear gain fimction/foMs a cubic gain-function? f(u ) having two 
tunable parameters M, according to the relation (1) below : 




The parameters M, Nareean-be selected to signify the effect of the cubic function 
5 f(u) enly-when there is a strong disturbance at the target disturbance frequenc y but not 
when there is a weak disturbance at the target disturbance frequency , 

-The parameter valu e of N is s e l e ct e d b ased on the tevel /amplm amtude of the 
NRRO disturbance signal (h&r-u) and is the threshold level of signal increase/decrease. It 
so that i f the disturbance signal amplitude u is smaller than N? then the ratio u/N is 
10 reduced when cubed . On the other hand, but-if the disturbance signal amplitude u is 
greater than //then the ratio u/N is increased when cubed. 



Thus A s such , the cubic function /fa) filt e r can selectively amplifiesv or 

attenuates the disturbance signal depending on the ratio u/ N, to th e r e by att e nuat e th e 
15 position e rror in the PES du e to said narrow band disturbanc e s . Likewise, t B y using t he 

cubic function f(u) provides fult e n ther e is variable gain on th e p e ak filt e r and a-resulting 

variable attenuation of the position error signalP ES. 

-The e ff e ct of the cubic gain-fimction flu) i s -has several notable effects t wo fold . 

First, the cubing operation redistributes the energy of the input signal by creating the 
20 third harmonics at the-triple e£the base frequency. Second, du e to cubing, the ratio e&u 

to N (i. e ., u/N) is increased or decreased if the absolute value of u/N is larger or smaller 

than 1, respectively. 
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As such, th e cubic function f(u) provid e s non lin e ar gain based on th e magnitud e 
of th e NRRO disturbanc e signal, u. The parameter M adjusts the overall amplification of 
the value (u/N) 3 . Therefore, if the targ e t NRRO disturbance signal is weak them the 
amplification by the cubic function f(u) is low T and the disturbance signal has essentially 
5 no effect on the corrected position error signal or the servo system. That is, the corrected 
position error signal is essentially the position error signal. However, if the NRRO 
disturbance signal is stron g then? the amplification by the cubic function f(u) is hig h and 
the disturbance signal substantially effects the corrected position error signa l Stat e d 
diff e r e ntly, wh e n th e NRRO signal i s w e ak, th e n th e output of th e non - lin e ar gain 

10 function f(u) is small, and e ss e ntially do e s not aff e ct th e s e rvo - loop. However, if th e r e is 
a substantial l e v e l of NRRO, then there is high amplification by th e non lin e ar gain 
function f(u) . That is, the corrected position error signal differs substantially from the 
position error signal. 

Th e output valu e s of th e non - lin e ar gain function f(u) 9 when add e d to th e original 

15 PES signal by th e summing nod e 206 in th e nonlin e ar filt e ring arrangem e nt 200 of 

Figure 2, e ff e ctiv e ly adjust (vary) th e att e ntuation l e v e l of the position e rror in th e PES. 
As a r e sult of that non linear gain, th e PES and s e ttling p e rformanc e is maintained when 
th e disturbanc e signal amplitud e is v e ry small. 

20 The non lin e ar gain e ff e ct of th e cubic function f(u) has non-linear gain that is 

confined to a narrow frequency band due to the band pass p eal^filter 202. Forfo -ene 
example application , in ^disk-rocking mod e for the disk drive 100? the third harmonics 
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(e.g., around 6 KHz) are significantly attenuated by -40 dB/dec t he lowpass filtering 
nature ( e .g., 4 0 dB/doc) of th e VCM dynamics . 
The combiner 206 is a summing node. 

Figures 3A-3B show an amplitude plot 208 and a phase plot 210, respectively, of 
5 the frequency response of the band pass filter 202. As is seen, the band pass filter 202 
has a narrow-band frequency range at about 1.9 KHz. 

Figure 4 shows a decomposition n e xampl e Fourier Transform (FFT) p lot for ef 
the position error signalFES in the ardisk drive 100 where the disturbance signal is 
unattenuated. The decomposition plot is e ve^a rocking mod e fr e quency rang e , without 

1 0 any disturbanc e signal att e nuation. Fourier Transform of t- The position error signalP ES 
that d e composition shown in Figure 4 includes aarrepeatable run out (RRO) disturbance 
signal p let-2 12 and ana-NRRO disturbance signal plet-214. As is seen, the RRO 
disturbance signal 212 and the NRRO disturbance signal 214 are pronounced within the 
rocking mode frequency range at about 1.9 KH z. 

15 Figure 5 shows a decomposition plot for the position error signal in the disk drive 

100 where the disturbance signal is an FFT plot (similar to that of Figure 4 ), wh e rein th e 
disturbance signal 21 4 has b ee n attenuated by the attenuator n on lin e ar filt e ring 
arrang e ment 200 of Figure 2, over th e rocking mod e fr e qu e ncy rang e , according to th e 
pr e sent invention . The decomposition plot is a Fourier Transform of the position error 

20 signal that includes the RRO disturbance signal 212 and the NRRO disturbance signal 
214. As is seen, the attenuator Th e non linear filt e ring arrang e ment 200 provides 
selective attenuatio n variation of the RRO disturbance signal 212 and the NRRO 
disturbance signal 214 over the sel e ct e d r ocking mode frequency range T at about 1.9 KH z 
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and therefore improves the ov e rall p osition error signalF ES when the target disturbance is 
present. It does go whil e maintaining PES p e rformanc e wh e n target disturbance is not 
pr e s e nt, and preserves s e ttling p e rformanc e r e gardl e ss of th e pr e senc e of a targ e t 
disturbanc e . 

5 Th e non linear gain function f(u) for automatic att e nuation l e v e l adjustm e nt 

dep e nds on th e disturbanc e magnitud e . As such, in r e lation (1) abov e , th e valu e N is 
s e l e ct e d as th e thr e shold l e v e l of signal incr e as e /d e cr e as e , and th e valu e M is sel e ct e d for 
s e tting th e overall gain. Accordingly, the pr e s e nt inv e ntion provid e s combin e d usag e of 
non lin e ar gain and narrow band peak filter to confin e th e non lin e ar e ffect in a 
10 pr e d e t e rmin e d frequ e ncy. Th e disturbance signal is s e l e ctiv e ly vari e d ( e .g., 
att e nuat e d/amplifi e d) by th e non lin e ar function. 

Th e fr e qu e ncy r e spons e of th e p e ak filt e r 202 can be s e l e ct e d by e xp e rim e ntation 

based on th e fr e qu e ncy rang e of th e disturbanc e signal to b e vari e d (adjust e d). Th e 

15 sp e ctrum shown in Figur e 5 is different from disk driv e to disk drive. In on e e xample, 
th e bas e fr e qu e ncy is 2 KHz, and is det e rmin e d by manufacturing and disk geom e try such 
as form factor, mat e rials, components, etc. As such, th e non lin e ar filtering arrang e m e nt 
is tun e d for a particular typ e of disk driv e product. Id e ntification of th e NRRO 
disturbanc e fr e quency rang e can b e d e termin e d using industry standard m e asur e ments, 

20 such as sp e ctrum analysis softwar e . Th e n, th e peak filt e r 202 may b e d e sign e d 
accordingly using the industry standard measurem e nts. 
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Figure 6 shows an attenuator exampl e non linear filt e ring arrang e m e nt 300 for 
non-linear filtering of a narrow-band disturbance signal in a position error signal of the 
disk drive lO O according to anoth e r e mbodiment of th e pr e s e nt inv e ntion . 

-The attenuator 300 exampl e non lin e ar filt e r arrang e m e nt 300 includes a band 

5 pass filter 302, an optional saturation controller b teek-304, a non linear gain 

controlle r function 306, an optional deadzone controllerbleek 308 and a combiner node 
310. Th e optional s aturation and d e adzon e blocks 30 4 , 308, r e spectiv e ly, can b e plac e d 
in a diff e r e nt order than that shown in Figur e 6. 

The band pass filter 302, the non lin e ar gain controller function 306? and the 

1 0 combiner nede-3 1 0 are , op e rat e in a similar to mann e r as the band pass filter 202, the 
non lin e ar gain controlle r function 204 and the combinder nede-206, respectively^ 
describ e d above in r e lation to Figure 2 . 

The saturation contollerb teek 304 preserveteetes the-servo.-loop stability by 
limiteefrtretting the output of the attenuato rn on - lin e ar filt e r arrang e m e nt 300, which may 

15 grow very large due to the non lin e ar cubic gam-function y&rf(u)- provided by the gain 
controller 306. Thus For e xampl e, the saturation controllerbleek 304 may includ e a 
limit e r, that limits the effecta etien of the cubic gaifrfunction /fa) 3 0&-to maintain servo 
loop stability. The saturation controller b teel^304 imposes upper and lower limitb eunds 
on anthe input signal. I fWhen the input signal is within the rang e s pecified by u pper and 

20 a-lower limits the n and an upp e r limit, the input signal passes through the saturation 
controller 304 u nchanged. However, if Whea the input signal is outside the upper and 
lower limits then the saturation controller 304 clips the input th e s e limits, th e signal is 
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clipp e d to the upper or lower limits. The saturation controllerWeek 304 can be 
implemented as an ASIC, firmware, program instructions for execution by a CPU, etc. 

Furth e r, t The deadzone controlle rg ain block 3 08 308 preserves the position error 
5 signal by eliminatinges the eubie-effect of the cubic function f(u) when the target 

disturbance is very small. Thus,e the deadzone controller 308 d e adzon e , creat e d by th e 
int e ger division of fixed point digital signal processing, b locks the effect of the c ubic 
function /faj effeei if the target disturbance is neglible , h e nc e pres e rving th e original PES 
performanc e intact . The deadzone controller 308 creates a deadzone (region of zero 

10 output) by integer division of fixed-point digital signal processing. In on e e xampl e , the 
d e adzon e block 308 defin e s a r e gion of zero output. I f the input signal of th e d e adzon e 
block 308 is within a s e l e ct e d minimum and maximum ( the deadz on e then the) r4ts output 
signal is zero. However, if the input signal is outside the deadzone then the Outsid e of 
this zon e , its output signal is a linear function of the input signal with a slope of 1 . The 

15 deadzone controllerb leek 308 can be implemented as an ASIC, firmware, program 
instructions for execution by a CPU, etc. 

The saturation controller 304 and the deadzone controller 308 can be placed in a 
different order than that shown in the attenuator 300. 

20 Figure 7 shows an attenuator e xampl e non lin e ar filt e ring bank arrang e m e nt 1 00 

for non-linear filtering of a narrow-band disturbance signal in a position error signal of 
the disk drive lOO according to anoth e r e mbodiment of th e pr e s e nt inv e ntion . 

20 
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-The attenuato rr rang e m e nt 400 includes multipl e non lin e ar filter branches 402a 
ancU 402b and a combiner 420 of the typ e s shown by e xampl e in Figures 2 and 6. In 
cases where th e NRRO disturbanc e signal has multipl e p e aks at diff e r e nt fr e qu e nci e s, th e 
non lin e ar filt e ring bank arrang e m e nt 4 00 of Figure 7 provides att e nuation of th e NRRO 
5 signal at th e multipl e p e ak frequenci e s. Th e first branch 4 02a includ e s a p e ak filt e r 4 0 4 , 
a saturation block 4 06, a non lin e ar gain function 4 08 and a d e adzon e block 4 10. Th e 
s e cond branch 4 02b includ e s a p e ak filter 4 12, a d e adzon e block 4 14, a non lin e ar gain 
function 4 16 and a saturation block 4 18. Th e corr e ction valu e outputs of th e branch e s 
4 02a and 4 02b are combined with th e original PES via th e combin e r nod e 4 20 to gen e rat e 
10 a corr e ct e d PES with r e duc e d disturbanc e signals. 

Pr e ferably, th e p e ak filt e r in e ach branch 4 02a, 4 02b, is at a diff e r e nt bas e 

fr e quency than th e oth e r p e ak filt e r. Furth e r e ach branch 4 02a, 4 02b, can hav e a diff e r e nt 
non lin e ar gain function, and diff e r e nt optional saturation and d e adzon e blocks. Th e 
15 branch e s 4 02a, 4 02b can op e rat e in parall e l, or sel e ctively in respons e to control signal 
bas e d on th e NRRO p e aks. 

According to anoth e r asp e ct of th e pr e sent inv e ntion, the e xample non linear 

filt e ring arrang e m e nts abov e can b e activated when th e s e rvo controll e r e nters th e on 
20 track mod e (i. e ., aft e r a s ee k op e ration to a targ e t track and whil e tracking the targ e t 
track). By car e ful tuning through simulation, the transi e nt r e sponse shows virtually no 
diff e r e nc e when th e cubic function f(u) is operating. 
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As such, th e present invention provid e s s e lectiv e att e nuation of tho position e rror 

duo to narrow band disturbanc e s in th e PES by a non lin e ar gain function for automatic 
lovol adjustment of th e disturbanc e signal in the PES d e p e nding on th e disturbance signal 
magnitude. This provid e s combin e d usage of nonlin e ar gain and narrow band p e ak 
5 filtering to confin e th e non linear e ffect for a pr e d e t e rmined fr e qu e ncy. Further, in the 
example non lin e ar gain function of relation (1) above, tho valu e N for th e thr e shold l e v e l 
of signal amplification/att e nuation, and th e valu e M for setting th e ov e rall att e nuation 
lev e l, are s e l e ctabl e bas e d on d es ir e d p e rformance crit eria 

As will b e appr e ciat e d by those skill e d in th e art, in addition to th e logic blocks 

shown in th e drawings, the various methods and architectur e s describ e d h e r e in can be 
implem e nt e d as: comput e r instructions for ex e cution by a microproc e ssor, as ASIC units, 
firmwar e , as logic circuit s , etc. For exampl e , th e abov e st e ps and functions can r e sid e as 
firmwar e in th e s e rvo controller (to be trigg e r e d on and off), or as a logic circuit in the 
disk driv e controll e r. 

Th e present invention has be e n described in consid e rabl e d e tail with r e f e renc e to 

c e rtain pr e f e rr e d versions th e r e of; how e v e r, oth e r v e rsions ar e possibl e . For example, 
although a cubic odd function is usod in this e mbodiment, other odd functions such as a 
20 5 t h ord e r odd function can also b e us e d. Th e r e for e , th e spirit and scope of th e app e nd e d 
claims should not b e limited to th e d e scription of the pr e f e rred versions contain e d h e rein. 
The filter branches 402a and 402b each receive the position error signal and the 
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combiner 420 combines the position error signal with the correction signals from the 
filter branches 402a and 402b to generate the corrected position error signal. 

The filter branch 402a includes a band pass filter 404, an optional saturation 
controller 406, a gain controller 408 and an optional deadzone controller 410 that are 
5 similar to the band pass filter 302, the saturation controller 304, the gain controller 306 
and the deadzone controller 308, respectively. Likewise, the filter branch 402b includes a 
band pass filter 412, an optional deadzone controller 414, a gain controller 416 and an 
optional saturation controller 418 that are similar to the band pass filter 302, the deadzone 
controller 308, the gain controller 306 and the saturation controller 304, respectively. In 
10 addition, the combiner 420 is similar to the combiner 310. 

The attenuator 400 attenuates the disturbance signal at multiple peak frequencies. 
For example, the band pass filters 404 and 412 have different base frequencies, the gain 
controllers 408 and 416 have different non-linear gain functions, the saturation 
controllers 406 and 418 are different and the deadzone controllers 410 and 414 are 
15 different. Further, the filter branches 402a and 402b can operate in parallel or operate 
selectively in response to the disturbance signal peaks. 

The attenuators 200, 300 and 400 can generate the correction signals when the 
servo controller 122 enters on-track mode (after a seek to a target track and while 
tracking the target track). By careful tuning through simulation, the transient response 
20 shows virtually no difference when the cubic function /fa) is operating. 

Advantageously, the present invention provides selective attenuation of the 
position error due to narrow-band disturbances in the position error signal by a non-linear 
gain function for automatic adjustment of the disturbance signal in the position error 
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signal depending on the disturbance signal amplitude. The combined non-linear gain and 
narrow-band peak filtering confine the non-linear effect to a predetermined frequency 
range. Further, in the cubic function f(u). the parameter N for the threshold level of the 
disturbance signal amplification/attenuation and the parameter M for setting the overall 
attenuation level are selectable based on desired performance criteria. 

As will be appreciated by those skilled in the art, in addition to the logic blocks 
shown in the drawings, the various methods and architectures described herein can be 
implemented as computer instructions for execution by a microprocessor. ASICs, 
firmware, logic circuits, etc. For example, the above steps and functions can reside as 
firmware in the servo controller 122 or as a logic circuit in the drive controller 124. 

Although example embodiments of the present invention are described in 
connection with a disk drive servo system, it should be noted that the present invention is 
not limited to disk drives. 

The present invention has been described in considerable detail with reference to 
certain preferred versions thereof, however other versions are possible. For example, 
although a cubic function has been described, other odd functions such as a 5 th order odd 
function can also be used. Therefore, the spirit and scope of the appended claims should 
not be limited to the description of the preferred versions contained herein. 
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Abstract 

A m e thod for op e rating a servo system includeshaviag a first member and a 
second member that is positionable relative to thesaid first membe r in respons e to 
position signals . A The-position error signals aro gen e rat e d to causes thesaid second 
member to be positioned at a desired location relative to the first member. Tfe4he 
position error signal includes? a position error due to a disturbance in the servo system^ 
and the position error is reduced by non linear attenuation of a . R e ducing th e po s ition 
error is p e rformed by s e l e ctiv e ly adjusting th e disturbance signal as a non-linear function 
of the amplm agritude of the disturbance signal Accordingly, att e nuation of th e 
disturbanc e signal incr e as e s as a non lin e ar function of th e magnitud e of the disturbanc e 
signal 
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